Introduction
The complete genomes of many organisms including human, mouse, Arabidopsis, and rice have been sequenced. However, the functions of the proteins encoded by a large percentage of the genes in these organisms have not been determined. The immediate challenge of the post-genomic biology is to determine the biological functions of proteins coded for by those unknown genes. Many endogenous proteins occur in extremely low abundance (such as the anti-inflammatory protein tristetraprolin, TTP) and are labile (such as omega-3 fatty-acid desaturase, FAD3) (O'Quin et al., 2010) , which are major problems inherent to characterization of those proteins. Recombinant proteins can be used as an alternative source to endogenous proteins. Production of active proteins in large quantities is necessary for the study of protein structure and function (Cao et al., 2003) . Purified recombinant proteins are also important for the production of antibodies (Cao 2004; Cao et al., 2008; Cao et al., 2004) and pharmaceutical reagents. Unfortunately, a great number of proteins are difficult to express and purify. Those proteins include membrane proteins, lipid-associated proteins, and lowabundance proteins. The causes of the difficulties in protein expression and purification are various, among which are protein insolubility, protein degradation, and low-level protein expression (Cao 2010) . Therefore, production of high-quality recombinant proteins requires optimization of protein expression and purification procedures in each case. Diacylglycerol acyltransferases (DGATs) catalyze the last and rate-limiting step of triacylglycerol (TAG) biosynthesis in eukaryotic organisms. DGAT genes have been isolated from many organisms. At least two forms of DGATs are present in mammals (Cases et al., 1998; Cases et al., 2001 ) and plants Shockey et al., 2006) with additional forms reported in burning bush (Euonymus alatus) (Durrett et al., 2010) , peanut (Saha et al., 2006) , and Arabidopsis (Rani et al., 2010) . Plants and animals deficient in DGATs accumulate less TAG (Smith et al., 2000; Stone et al., 2004; Zou et al., 1999) . Animals with reduced DGAT activity are resistant to diet-induced obesity Smith et al., 2000) and lack milk production (Smith et al., 2000) . Over-expression of DGAT enzymes increases TAG content in plants (Andrianov et al., 2010; Bouvier-Nave et al., 2000; Burgal et al., 2008; Durrett et al., 2010; Jako et al., 2001; Lardizabal et al., 2008; Xu et al., 2008) , animals (Kamisaka et al., 2010; Liu et al., 2009; Liu et al., 2007; Roorda et al., 2005) , and yeast (Kamisaka et al., 2007 (Stone et al., 2004) and tung tree (Vernicia fordii) (Shockey et al., 2006) . Mice deficient in DGAT1 are viable, have modest decreases in TAG, and are resistant to dietinduced obesity (Chen et al., 2002; Smith et al., 2000) . In contrast, mice deficient in DGAT2 have severe reduction of TAG and die shortly after birth (Stone et al., 2004) . The fact that DGAT1 is unable to compensate for the deficiency in DGAT2 indicates the nonredundant functions of each DGAT isoform in TAG biosynthesis during animal development. Therefore, understanding the roles of DGATs in plants and animals will have tremendous implications in creating new oilseed crops with value-added properties and in providing clues for therapeutic intervention in obesity and related diseases. Over-production of DGATs has been the subject of a number of studies, but progress has been slow in the characterization of the enzymes because DGATs are integral membrane proteins (Shockey et al., 2006; Stone et al., 2006) and difficult to express and purify (Cheng et al., 2001; Weselake et al., 2006) . Information regarding the expression of DGAT genes in E. coli is limited. The expression of DGAT1 and DGAT2 as full-length proteins in E. coli had not been reported. We recently developed a reliable procedure for the expression and purification of tung DGATs in E. coli (Cao et al., 2010; .
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DGAT genes have been identified in a wide range of organisms
Database search identified at least 115 DGAT sequences from 69 organisms including plants (such as Arabidopsis, barley, caster bean, cauliflower, corn, rape, rice, sorghum, soybean, tobacco, tung tree), animals (such as bird, chimpanzee, cow, dog, fish, fly, frog, monkey, mosquito, mouse, pig, rabbit, rat, sheep, worm), fungi (such as yeast), and human. The names of organisms, the subfamilies of DGATs (DGAT1 and DGAT2) and the GenBank accession numbers are listed in Table 1 . Although more than two isoforms of DGATs are found in some species, most of them could be classified into the DGAT1 or DGAT2 subfamily according to their sequence similarities and phylogenetic analysis (data not shown). However, DGAT3 (Saha et al., 2006) and DGAT4 (Rani et al., 2010) were reported recently which have very different sequences with those of DGAT1 and DGAT2. DGAT1 and DGAT2 subfamilies have many conserved residues among the diverse species. However, addition of DGAT3 and DGAT4 from Arabidopsis (GenBank accession number: AAN31909.1), caster bean (GenBank accession number: XP_002519339.1), peanut (GenBank accession number: AY875644.1), and yeast (GenBank accession number: DG315417.1) to the multiple sequence alignment completely destroyed all the conserved residues (data not shown), which is contrary to the general belief that the active sites of the enzymes should have certain degree of conservation during the evolution because all are supposed to catalyze the same/similar biochemical reaction. 
Literature survey of DGAT expression
A literature survey was performed to find out how many publications related to DGATs have been collected by the two most popular databases, PubMed and Scopus. The data in Table 2 indicate that approximately 1000 papers had been collected by the two databases during the past 28 years when using DGAT and diacylglycerol acyltransferase as search terms in title/abstracts/keywords. Approximately four times of publications were obtained when using the full name of the enzyme "diacylglycerol acyltransferase" as a search term www.intechopen.com
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instead of using the abbreviation "DGAT" in the database search. More than half of the publications were from animals and approximately one quarter of the publications were from plants. Less than half of those publications dealt with expression of DGATs at the RNA and protein levels. Some of the publications reported of using more than one organism in the same paper, resulting in the total number of publications less than the number of publications from plants, animals, and human adding together (Table 2) . Similarly, the total expression papers are less than the combination because more than one expression methods were used in the same paper. Approximately 5% of the publications were related to heterologous expression. However, only a few papers were from E. coli expression system. Table 2 . Literature survey of publications related to DGAT expression in PubMed and Scopus databases .
Recombinant DGAT expression update
Expression and purification of recombinant DGATs from any source represents a challenge because DGATs are integral membrane proteins (Hobbs et al., 1999; Siloto et al., 2008; Weselake et al., 2006) . In addition, more than 40% of the total amino acid residues are hydrophobic (Table 3) . Yeast was the preferred host for DGAT expression (Bouvier-Nave et al., 2000; Burgal et al., 2008; Cao et al., 2010; He et al., 2004; Kalscheuer et al., 2004; Kalscheuer & Steinbuchel 2003; Kroon et al., 2006; Liu et al., 2011; Liu et al., 2010; ManasFernandez et al., 2009; Mavraganis et al., 2010; Milcamps et al., 2005; Nykiforuk et al., 2002; Quittnat et al., 2004; Shockey et al., 2006; Siloto et al., 2009; Wagner et al., 2010; Xu et al., 2008; Yu et al., 2008) followed by insect cells (Buszczak et al., 2002; Cases et al., 1998; Cases et al., 2001; Lardizabal et al., 2001) . A limited number of reports used other host cells including E. coli (Saha et al., 2006; Siloto et al., 2008; Weselake et al., 2006) and human cells (Cheng et al., 2001 ). The great majority of the yeast and insect cell expression studies were designed to confirm the functions of full-length cloned genes. A few studies were directly related to the expression and purification of recombinant DGATs using E. coli expression system for functional and structural studies. The recombinant N-terminal region of Brassica napus DGAT1 was purified from E. coli with a predicted molecular mass of 13,278 Da which was confirmed by MALDI-TOF mass spectrometry. However, the apparent molecular mass on SDS-PAGE was doubled and the native size was four times of the size of the monomer due to self-association (Weselake et al., 2006) . The N-terminal region of mouse DGAT1 was also studied in a similar way (Siloto et al., 2008) . Full-length DGAT1 or DGAT2 from any organism was, however, not successfully expressed in E. coli (Hobbs et al., 1999; Weselake et al., 2006) . The exceptional case was that expression of soluble peanut DGAT (DGAT3) in E. coli resulted in high levels of DGAT activity and the formation of labeled TAG (Saha et al., 2006) , although its sequence is very different from those of DGAT1 or DGAT2. Table 3 . Tung DGATs properties and amino acid composition.
Bioengineering recombinant DGAT for expression in bacteria
We recently described a procedure for over-expression of recombinant full-length DGAT1 and DGAT2 in a bacterial expression system (Cao et al., 2010; . DGAT1 is much larger than DGAT2, although they are similar in other properties and amino acid composition (on % of frequency basis) ( Table 3 ). The two DGAT isoforms have only limited sequence identity and similarity (Figure 1 ). We were able to express both proteins in E. coli as full-length recombinant proteins. In our study, we engineered a maltose binding protein (MBP) tag at the amino terminus and 6 histidine residues (His-tag) at the carboxyl terminus of full-length tung DGATs ( We engineered plasmids pMBP-DGAT1-His and pMBP-DGAT2-His for expressing the fulllength tung tree type 1 and type 2 diacylglycerol acyltransferases (DGAT1 and DGAT2, GenBank Accession No. DQ356680 and DQ356682, respectively (Shockey et al., 2006) as fusion proteins in E. coli. The recombinant proteins contained MBP at the amino terminus and His-tag at the carboxyl terminus. The cloning vector pMBP-hTTP (Figure 2) was Fig. 1 . Alignment of tung tree DGAT1 and DGAT2 amino acid sequences.
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Bioengineering Recombinant Diacylglycerol Acyltransferases 475 reported previously (Cao et al., 2003) . Plasmids pMBP-DGAT1-His ( Figure 3 ) and pMBP-DGAT2-His ( Figure 4) were constructed by replacing the hTTP fragment in plasmid pMBPhTTP (Figure 2 ) with the PCR-amplified DGAT1 and DGAT2 fragments at the KpnI and SpeI sites (Table 4) . Existing DGAT plasmid DNAs were used as the templates for PCRamplification of the DGAT DNA open reading frames (Shockey et al., 2006) . DGAT forward primers contained DNA sequence for a KpnI/Asp718I restriction enzyme recognition site followed by a PreScission protease cleavage site (5′-CTGTTTCAGGGTCCG-3′) (Cao et al., 2003) which codes for 5 amino acid residues (LFQGP) between MBP and DGAT protein sequences (Table 4) . DGAT reverse primers contained sequence for a His-tag (5′-ATGATGATGATGATGATG-3′) coding for 6 histidine residues at the carboxyl terminus of DGATs (Table 4 ). The successful expression of full-length recombinant DGATs was probably due to the fusion to MBP, which was shown to increase the solubility of target proteins such as human and mouse TTP (Cao et al., 2003; Cao et al., 2008; Kapust & Waugh 1999 ). Although we engineered double affinity tags for facilitating purification of recombinant DGAT from E. coli, recombinant DGATs were only partially purified from the extract by either type of affinity beads [amylose resin and nickel-nitrilotriacetic agarose (Ni-NTA) beads] or both kinds of beads in tandem. Our data, together with the various published reports cited in the previous section, underline the tremendous challenges that exist for the purification of recombinant full-length DGAT proteins. 
Conclusion
Diacylglycerol acyltransferases (DGATs) catalyze the last and rate-limiting step of triacylglycerol (TAG) biosynthesis in eukaryotic organisms. At least 115 DGAT sequences are identified from 69 organisms in the GenBank databases. Only a few papers have been published in the last 28 years on the expression of the recombinant DGAT proteins in a bacterial expression system. None of the full-length DGAT1 or DGAT2 had been expressed in E. coli expression system. The difficulties in DGAT expression and purification are due to the nature of these proteins being integral membrane proteins with more than 40% of the total amino acid residues being hydrophobic. Therefore, progress in characterization of the enzymes has been slow. We recently developed a procedure for full-length DGAT expression in E. coli. Expression plasmids were engineered to express tung DGATs fused to maltose binding protein and poly-histidine. The development of the technique should help to purify full-length DGATs for further studies such as raising high-titer antibodies and studying the structure-function relationship. Understanding the roles of DGATs in plant oil biosynthesis will help to create new oilseed crops with value-added properties. The elucidation of the precise roles of DGATs in animal and human fat synthesis and deposition may provide clues for nutritional and therapeutic intervention in obesity and related diseases.
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